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This paper explores the potential to enhance operator safety of self-propelled mechanical 
plant subjected to roll over and impact of falling objects using the non-linear and dynamic 
response simulation capabilities of analytical processes to supplement quasi-static testing 
methods prescribed in International and Australian Codes of Practice for bolt on Operator 
Protection Systems (OPS) that are post fitted. The paper is based on research work carried out 
by the authors at the Queensland University of Technology (QUT) over a period of three 
years by instrumentation of prototype tests, scale model tests in the laboratory and rigorous 
analysis using validated Finite Element (FE) Models. The FE codes used were ABAQUS for 
implicit analysis and LSDYNA for explicit analysis. The rigorous analysis and dynamic 
simulation technique described in the paper can be used to investigate the structural response 
due to accident scenarios such as multiple roll over, impact of multiple objects and 
combinations of such events and thereby enhance the safety and performance of Roll Over 
and Falling Object Protection Systems (ROPS and FOPS). The analytical techniques are 
based on sound engineering principles and well established practice for investigation of 
dynamic impact on all self-propelled vehicles. They are used for many other similar 
applications where experimental techniques are not feasible. 
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Heavy vehicles that are commonly used in mining, forestry and construction are susceptible 
to rollovers and impact from falling objects.  Vehicle rollovers are due to their high centre of 
gravity and operation within close proximity of steep and unstable embankments and hill 
sides. Machinery operating close to unstable or newly excavated steep embankments and in 
forestry are susceptible to falling objects. There can be multiple causes such as unstable 
terrain and embankments and weather induced deterioration that can initiate accidents. The 
result could be either a single impact and rollover over or multiple impacts and rollovers. 
There is also the potential for falling object impact and roll over to occur simultaneously in 
rare situations. The primary protection against such events is operational safety practiced by 
industry and well trained operators with a very high degree of care and diligence. Therefore 
despite the potential risks, extreme accidental events do not occur frequently. The purpose of 
the Operator Protection System (OPS) is to prevent the machine operator from being crushed 
or directly impacted by such a rare accident. Designers of OPS have the capability to 
investigate various scenarios of accidents using computer aided simulation techniques. They 
can include multiple impacts and rollovers on OPS. Galloway (1995) who targeted accidents 
associated with rollovers of tractors on farms suggested that ‘nearly nine out of every ten 
people killed on farms died as a result of accidents involving tractors. Of these, rollovers, 
where drivers or passengers are crushed beneath the tractor, are the most common type of 
accident’. OPS are able to maintain the survival zone technically known as the Deflection 
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Limiting Volume (DLV) for the safety of the occupant by absorbing the energy of the impact 
and rollover as it undergoes a combination of elastic and plastic deformation. Design and 
analysis are carried out to determine that they are flexible enough to absorb energy and rigid 
enough to limit deformation and maintain the DLV.  Computer aided techniques are used by 
the designers to simulate multiple accident scenarios and investigate the structural integrity of 
an operator protection system during the design phase. When large numbers of such units are 
produced by manufacturers of the heavy vehicles and earthmoving equipment it is feasible to 
carry out prototype testing to validate the design for different accident scenarios.  
 
However similar testing processes are rarely if ever practiced for retrofitted and repaired OPS 
that are not mass produced and therefore are “one-off” products. They are very often 
designed using non-rigorous static analysis methods and subjected to test procedures 
prescribed in governing codes such as AS 2294.1 (1997) and Supplement 1 of 2003 and the 
previous and more recent ISO publications: ISO 3471(1994), ISO 10262 (1998), ISO 8084 
(2003), ISO 8082 (2003),  ISO 3449 (2005), ISO 8083 (2006) and ISO 12117 (2008). All 
these standards require physical testing for verification of the adequacy of OPS and do not 
permit the use of analytical techniques as the sole means of verification. There are many 
reasons for this requirement such as simplicity and convenience of a quasi static test method, 
common and well established knowledge of such testing procedures, the ability to visually 
inspect and capture impact of manufacturing defects and geometric variances, repeatability of 
test until compliance requirements are met and capability and availability of competent 
testing facilities. The testing standards are performance based, with force and energy 
absorption criteria derived from empirical formulae related to the type of machine and 
operating mass. Deflection restrictions are defined to enable the DLV to be maintained to 
protect the vehicle operator under the test load conditions. The method has been correlated to 
actual performance with extensive studies to compensate for the dynamic influence of the 
loads for the recommended test loads imposed under quasi static conditions. It is unlikely that 
the quasi static procedures in the current standards can adequately demonstrate dynamic 
elasto-plastic response, deformation and resistance that are essential to dissipate the energy of 
multiple impacts and rollovers although they substantially improve the operator’s chances of 
survival within the limitations of the testing regime.  
 
The testing requirements for very large machines can be onerous, expensive and time 
consuming especially if they have to be repeated several times for compliance with the 
specified criteria. The test criteria are sometimes satisfied by increasing the fabricated 
strength of frame components of the OPS without carrying out rigorous design procedures. 
That may not be the most desirable solution for the operator’s chances of survival, as the 
OPSs are in principle energy absorption and dissipation devices that require a balance 
between strength and stiffness of interconnecting components to be maintained for structural 
adequacy and operational safety. Over strength in the frame if subjected to overload or load 
repetition can adversely impact on joints, connections and mounting points whose failure can 
have catastrophic consequences. Energy dissipation within the framed members is essential to 
maintain the integrity of joints, connections and mounting points. Thus it is necessary to 
comprehensively interrogate post yield behavior for reversible and repetitive loads to satisfy 
structural adequacy for multiple impacts and roll-overs.  
 
Computer based numerical processes can simulate the dynamic response of actual accidents 
and non-linear material response in real time for multiple impacts, roll overs and their 
combinations. The performance of energy dissipation mechanisms can be investigated in 
detail during these simulations and the OPS designed to provide protection to critical joints, 
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connections and mounting points under overload conditions. These techniques for evaluation 
and certification of OPS in the mining, forestry and construction industries are not accepted 
at present. Although the techniques are well established there is a view that they can be 
reliably carried out by only a limited number of highly skilled technical experts with access 
to advanced computational facilities. In the past rigorous analysis and dynamic simulation 
have not been used widely in mining, forestry and construction applications to an extent to 
provide confidence for certification purposes.  
 
Computer analysis and simulation techniques are the only reliable means to assess structural 
performance where experimental verification is not feasible and are used in other safety 
engineering applications. These applications include crash dynamics, train and large vehicle 
impacts and blast resistance where the statistical occurrence and catastrophic consequences 
are significantly greater. As a result the use of computer programmes such as LSDYNA for 
design and verification of structures subjected to extreme action effects has increased 
considerably alongside the growth of knowledge, skill and expertise among engineers. 
Therefore there is potential to use these techniques especially to enhance the safety of OPS 
alongside the mandatory testing specified in the current codes. Eventually with the growth of 
confidence, knowledge and expertise, computer simulation techniques, due to their 
versatility, could become the primary method of structural verification for OPS in the mining, 
forestry and construction industries. 
 
A comprehensive research program was carried out at QUT by the authors using  computer 
simulations, validated by experimental testing, to generate information on the impact and 
energy absorption performance of OPS. The research work demonstrates the feasibility of 
using rigorous computer analysis procedures and real time dynamic simulation to increase the 
safety of OPS beyond the limitations of destructive full-scale testing employed for their 
certification at present. The research also explored methods of enhancing the energy 
absorption capacity of OPS, Clark (2005) and Clark et al (2006, 2007). The research work 
studied further the feasibility of including a cost effective supplementary energy-absorbing 
device into the framework of an OPS to increase its energy absorption capacity and thereby 
enhance safety of the operator. The type of device that was chosen for evaluation is a thin-
walled tapered tube (with 4 tapers) that is known as a frusta. Through inclusion of this device 
it was observed that the energy absorption capabilities of OPS can be significantly enhanced, 
and that there will be a reduction in the severity of the plastic deformation experienced by the 
frame which is essential to maintain the DLV during a rollover. The device in addition can 
mitigate the potential for further roll revolutions through energy absorption and thereby 
increase safety of the operator (Clark et al, 2008). 
 
Though there are studies which separately treat either the impact of rectangular tubes or the 
impact of OPS, to the best of the authors’ knowledge, there is no research on the impact 
response of the combined OPS–frusta (rectangular tube with 4 tapers) system. There are also 
formulae for the crush loads of certain tubes Nagel et al (2004a, 2004b and 2005)  and 
simplified expressions for the collapse load of OPS (Clark, 2005 and Thambiratnam et al, 
2009). But, due to the frusta–OPS interaction, the energy absorption of the combined system 
using stiffness based methods in Implicit Analysis will be complex and is best captured by 
using Explicit Analysis techniques. The investigation was conducted using dynamic 
computer simulations on validated FE models of the OPS and the frusta Clark (2005), Clark 
et al (2006, 2007) and Nagel et al (2004a, 2004b and 2005). The OPS model chosen for this 
investigation was that for K275 Bulldozer, but the techniques are applicable to other types of 
OPS. 
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1. Introduction to Impact Energy Absorption and Dissipation 
 
Protection of life is the fundamental requirement in the design of structural framing systems, 
shelters and enclosures that are required to resist large impacts based on energy absorption 
and dissipation principles. The impact energy absorption and dissipation techniques discussed 
in this section are based on research carried out at the QUT by Clark (2005) and Clark et al 
(2006, 2007, and 2008) and Thambiratnam et al (2009). The heavy transport and earth 
moving equipment (Figure 1) in the mining industry achieves this by using energy absorption 
and dissipation techniques to restrict the deformation of the Rollover Protection Systems - 
ROPS (Figure 2) from encroaching into the survival space occupied by the operator called the 









 Figure 2- Typical four post ROPS 
 
The use of these design principles has been confined to the heavy vehicle and automobile 
industry where there are mandatory compliance regulations for safety of operators. The same 
principles are usually applied for the design of structural enclosures exposed to rock falls and 
other impacts in construction and mining operations. There are in addition applications to 
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military and special purpose structures. All structural frames that form a survival enclosure 
will absorb and dissipate energy in a similar way provided they have the capacity to deform 
and yield in a controlled manner independent of the direction of impact. The impact can be 
from a large object such as a rock rolling down a hill side, a tree during forestry work or a 
floating log during flash flooding. Building frames in seismic zones are designed using 
similar principles to provide safe enclosures to occupants. 
 
The research work undertaken at QUT focussed on the use of numerical methods for 
investigating the behaviour of OPS. Experimental validation was carried out using model 
testing. Prototype testing (Figure 3) was instrumented at early stages to gather valuable 
information of the behaviour of OPS tested in compliance with the Australian standard for 
earth moving machinery protective structures AS2294(1997). The prescribed process in that 
standard is fairly simple and requires the implementation of full scale destructive testing 
procedures. The main aim of this research project at QUT was to generate fundamental 
information on the nonlinear response and behaviour of ROPS subjected to both static and 
dynamic loading conditions that could be used to contribute towards the development of an 
efficient analytical design procedure Clark (2005). The developed procedure has applications 
for design, investigations and vulnerability studies of numerous enclosures and framing 






Figure 3 – Prototype testing of ROPS   
 
 
Energy absorption techniques used in the design of OPS have predominantly relied on the 
formation of localized yield zones called plastic hinges to absorb some of the kinetic energy 
of the rollover. This form of energy absorption is characterized by extensive plastic 
deformation, involving buckling, tearing and finally fracture of the section. The term plastic 
hinge is used because of the hinge like rotation of the undeformed portion of the structural 
member about the local deformation zone. Collapse of OPS is deemed to take place once a 
sufficient number of plastic hinges have formed. This type of energy absorption can be 
extremely effective and could be vital to the operator’s chances of survival in the event of a 
rollover. The ideal deformation principle for safe and efficient energy dissipation is 





Figure 4 - ROPS force deflection relationship –extreme and ideal response (Klose, 1969) 
 
2. Illustration of Research Outcomes 
 
In this research project experimental testing carried out on OPS has formed the basis for 
developing an understanding of the responsive behaviour exhibited by these structures when 
subjected to loading requirements of current Australian and International performance 
standards Clark (2005) and Clark et al (2006, 2007) and Thambiratnam et al, (2009). The test 
models used by Clark (2005) have been deemed suitable for attachment to: 
 
 A 100 tonne rigid frame dump truck 
 A 50 tonne bulldozer  
 A 13.5 tonne Power-trans dump truck 
 
This paper will focus on the work carried out for a particular type of ROPS – that for the 
K275 Bulldozer shown in Figure 5. The K275 bulldozer is a crawler type dozer with a gross 
vehicle weight of approximately 50 tonnes commonly used in the construction and mining 
industries for earthmoving purposes. Rollover protection for the occupant is afforded through 
a two post rollbar type ROPS, which is shown in Figure 5. This ROPS is primarily a fixed 
base portal frame, consisting of two posts and a beam, rigidly connected to the chassis of the 
vehicle. Protection to the operator is provided by the cabin OPS that provides a survival space 
with a DLV for the operator in the event of a rollover.   It is intended to withstand the force 
and energy requirements without intruding into the zone of the DLV during an accident. 
Figures 6 to 7 show the half scale ROPS model being tested under lateral load and the 
positions of the strain rosettes used to measure the strains. Further details can be found in 







                                       











Figure 7- LVDT and strain rosette positions 
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Figure 8a shows the comparative results from experimental testing and Finite Element 
Analysis (FEA) for the K275 ROPS for the bulldozer subjected to lateral load, while Figure 
8b shows the similar results for the 630E ROPS for the dump truck. Excellent agreement of 
the two sets of results is clearly evident in both these Figures and this provides confidence in 
the computer simulation techniques used in the present investigation. Output from the FE 
analysis showing stress distribution in the K 275 ROPS under lateral load and after removal 
of load is shown in Figures 9 and 10. 
    


















K275 Half Scale Test K275 Half Scale FEA  
 







    
 
 





















Figure 10- Residual Von Mises stress distribution after lateral load removal 
 
Analytical studies have been carried out on Finite Element models of ROPS of the K275 
Bulldozer and WA600 wheeled loader by Clark et al (2007) using a simplified method based 
on a conservation of angular momentum approach reported by Watson (1967) to estimate the 
likely proportion of energy that would be absorbed by the ROPS of each vehicle during a 
sidewards overturn. The influence of controlling variables such as ROPS stiffness, vehicle 
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mass and impact velocity have on the dynamic response of each ROPS have been studied 
using the explicit FE code LS-Dyna v970 for impact modelling of rollover on firm slopes 
with inclinations of 15°, 30° and 45°. The work compares the results with those obtained 
from the static analysis to establish the effect of possible dynamic amplifications and the 
adequacy of current design standard provisions. Figures 11 to 14 show the dynamic response 
of the K275 ROPS subjected to impact loads that are characteristic of those that are 















Figure 13 Elastic rebound energy vs ROPS post plastic moment capacity for increasing Roll-






Figure 14 Maximum Von Mises stress distribution in ROPS during Impact  
 
The dynamic response studies have revealed that an overly stiff ROPS resulted in the 
generation of high peak decelerations and reaction forces that are detrimental to the principle 
of energy dissipation and protection of critical components and consequently the occupant’s 
chances of survival during a rollover (Clark,2005) and Clark Thambiratnam et al (2009).  
 
A more detailed dynamic study was performed using transient pulse loads to enhance the 
understanding of the impact response of rollover protective structures taking into 
consideration the influence of surface profiles during the impact of a rollover. The time 
duration of the impulse has been varied in order to study rollover impacts due to different 
surface profiles using the calibrated K275 ROPS model (Clark et al, 2007). The results of 















Figure 17 - Energy versus Impulse Duration for varying roll-slope angle 
 
Energy absorption can be enhanced by using frusta and egg crate type surface attachments to 
dissipate energy. Their effectiveness has been investigated and Figure 18 shows the stress 










A significant outcome of the research work described above is the knowledge developed on 
the use of rigorous analysis techniques for investigation of dynamic actions in real time to 
investigate the structural adequacy of OPS. Experimental studies were used to calibrate the 
FE models and verify reliability of the analytical techniques. The studies have shown that the 
use of such rigorous analysis and dynamic simulation techniques can enhance the safety of 
OPS by supplementing the limited verification using the code specified experimental and 
prototype testing. Further details of the study, results and discussion can be found in Clark 





Structural framing systems can be and are very often designed to resist large impacts based 
on energy absorption and dissipation principles.  For design of OPS energy absorption and 
dissipation techniques are used to limit the deformation of the survival space occupied by the 
operator of vehicles. The rigorous analysis and dynamic simulation techniques investigated in 
the research programme at QUT showed that they can be a highly reliable and an effective 
tool for enhancing the safety of OPS. Real time dynamic simulation with non-linear FE 
models can be validated with laboratory testing of small scale models using the well-
established principle of similitude. Initially these procedures can be used to supplement and 
overcome the limitations in the current practice of quasi-static testing for certification of 
OPS. In the long term, with development of skill, knowledge, exposure and confidence 
within the engineering profession, rigorous analysis techniques have the potential to become 
a reliable and far more comprehensive method for design and verification of the structural 
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